Mixed mating (producing a mix of selfed and outcrossed seed) is common in flowering plants and is ecologically important because it potentially offers reproductive assurance against pollination failure. However, selfed seed offers no reproductive assurance unless it overcomes inbreeding depression. In trees and other long-lived plants, genetic evidence suggests that selfed seed seldom matures to adulthood, presumably because of severe inbreeding depression. We measured inbreeding depression over 11 yr in two populations each of two New Zealand trees, Fuchsia excorticata and Sophora microphylla, from pollination to germination and performance in both pots and the field. The accumulated inbreeding depression was very high in both cases (F. excorticata: d ¼ 0:74 and 0.84; S. microphylla: d ¼ 0:94 and 0.99) and largely late acting, especially in F. excorticata. Fewer than 10% (and <1% in three of the four cases) of the selfs remain; none have yet flowered, and they appear unlikely to do so. Hence, selfing is likely futile in these species. Thus, fruit, seed, and seedling production are not reliable indicators of successful recruitment: a high density of doomed selfed offspring can mask the absence of the outcrossed seedlings needed for adult replacement.
Introduction
Many flowering plants with attractive flowers that are regularly visited and pollinated by animals remain fully or partially self-compatible, and a subset of these have the ability to produce at least some seeds autonomously (Darwin 1876) . These plants often produce mixed seeds, some derived from outcrossing and some derived from either pollinator-mediated or autonomous selfing, a process termed ''mixed mating'' (Goodwillie et al. 2005) . Provided that selfed seed is capable of maturing into flowering adults, autonomous selfing may rescue some populations from poor service by pollinators. Such ''reproductive assurance'' in the face of an uncertain pollination service may be an important alternate evolutionary strategy for long-distance colonists or plants living in conditions that are adverse to pollinators (Darwin 1876; Lloyd 1979; Lloyd and Schoen 1992; Pannell and Barrett 1998; Fausto et al. 2001; Rambuda and Johnson 2004; Moeller and Geber 2005) . Thus, Baker (1955 Baker ( , 1967 postulated that island floras are likely to contain many species that have colonized by long-distance dispersal and that many will be expected to show some degree of reproductive assurance. There is some support for this idea (Schueller 2004) .
However, selfed seed is prone to lower fitness through inbreeding depression (Darwin 1876; Charlesworth and Charlesworth 1987) . For reproductive assurance to be effective, it is necessary not only that plants that normally set seed through outcrossing be at least partially autofertile (capable of producing seed in pollinator-excluded flowers) and that seed be made this way on flowers that otherwise would not be fertilized (shown by comparison of intact vs. emasculated open flowers; Schoen and Lloyd 1992) but also that seedlings from selfs be fit enough to produce seed of their own (Lloyd 1992) . There are many demonstrations of the potential for autofertility in pollinator-attracting species (Dole 1992; Lloyd 1992; Brunet and Eckert 1998; Donnelly et al. 1998; Affre and Thompson 1999; Kalisz et al. 1999; Kalisz and Vogler 2003; Morales and Galetto 2003) and some demonstrations that this mode of selfing adds to plant fecundity (Escaravage et al. 2001; Kalisz et al. 2004; Davis and Delph 2005; Qu et al. 2007; Zhang and Li 2008) , but the assumption that these seeds are sufficiently free of inbreeding depression to survive to adulthood appears to have seldom been considered or demonstrated (Kephart et al. 1999; Sakai and Ishii 1999; Herlihy and Eckert 2002; Kalisz et al. 2004; Zhang and Li 2008; Kameyama and Kudo 2009) .
Genetic information from heterozygote frequency of codominant markers in seeds and adults can be used to directly measure the frequency of mixed mating and to infer whether autogamy adds plants to the adult population. Mixed mating appears to be common when measured at the seed stage (Goodwillie et al. 2005; Scofield and Schultz 2006) , but the inbreeding coefficient of adults in these populations is often very low, especially in long-lived and large-statured plants, indicating that selfed seeds die prematurely and seldom survive to adulthood, presumably as a result of strong inbreeding depression (Hardner and Potts 1997; Scofield and Schultz 2006) . Thus, the potential for reproductive assurance suggested by autofertility must be discounted by the severity of inbreeding depression. In many cases, it appears that selfing is completely futile and that selection should favor strategies that ensure outcrossing, such as sexual dimorphism or self-incompatibility, despite the risks of pollination failure (Barrett 1996; Scofield and Schultz 2006) .
A direct measure of inbreeding depression under natural or seminatural conditions in plants capable of autofertility can test the potential for reproductive assurance from selfing by estimating the level of premature death in selfed offspring. Inbreeding depression is ideally tested in the field, since it is there, under the influences of biotic and abiotic stresses, that a real indication of the magnitude of inbreeding depression is gained (Schemske 1983; Charlesworth and Charlesworth 1987; Dudash 1990; Armbruster and Reed 2005) . Plants should be followed over a realistic time frame, since inbreeding depression can manifest itself throughout the lifetime of the plant and is not restricted to the seed germination and plant establishment phases (Schemske 1983; Charlesworth and Charlesworth 1987; Dudash 1990; Husband and Schemske 1996) .
Here, we test for futile selfing in two frequently pollenlimited New Zealand trees that are capable of autonomous selfing, Sophora microphylla and the gynodioecious Fuchsia excorticata (Robertson et al. 2008; Kelly et al. 2010) , by comparing the fates of progeny from selfed and crossed flowers over 11 yr. In two populations of each species, we measure seed production and seed germinability from selfing and crossing and record the rates of establishment, growth, and survival of the two types of seedlings, initially in the glasshouse in pots and later in the field after transplantation.
Material and Methods

Study Species
Sophora microphylla (Fabaceae) is a tree with long, almost tubular, hermaphrodite flag blossoms with abundant nectar. It is pollinated primarily by two endemic honeyeaters (family Meliphagidae)-the tui (Prosthemadera novaezelandiae) and the bellbird (Anthornis melanura; Anderson 2003)-and also by the native silvereye Zosterops lateralis (A. W. Robertson, D. Kelly, J. J. Ladley, and S. H. Anderson, unpublished data), but it is also frequently visited by introduced bumblebees (Bombus spp.) and honeybees (Apis mellifera), which often rob nectar from the base of the flower and thus are usually ineffective pollinators (Anderson 2003) . Trees often contain thousands of open flowers when in peak flower. The fruits are long pods; each pod can contain up to 15 seeds, which are passively shed from the pods when ripe.
Fuchsia excorticata (Onagraceae) is a gynodioecious tree with tubular, initially greenish flowers that turn red as they age. The flowers on female trees are smaller and contain less nectar than those of hermaphrodites. The hermaphrodites vary in their rate of autonomous selfing, which is inversely correlated with the degree of herkogamy (Robertson et al. 2008) . It has a suite of pollinators and visitors similar to that of S. microphylla, although in F. excorticata silvereyes are legitimate pollinators of female flowers but rob the larger hermaphrodite flowers Lively 1985, 1989; Robertson et al. 2008) . The fruits, which are berries ;5 mm in diameter containing hundreds of small seeds, are dispersed by birds.
Study Sites
All our study populations were located in the South Island, New Zealand. Sophora microphylla was studied in riparian vegetation on the banks of the Waimakariri River near Kirwee (43°279S, 172°139E) at 170 m asl and in the Ahuriri Valley on Banks Peninsula (43°419S, 172°359E) at 60 m asl. Fuchsia excorticata was studied in short-stature mixed forest at the Ahuriri Summit Reserve on the Port Hills, near Christchurch (43°409S, 172°379E, 440 m asl) and at Pretty Bridge Valley, Nelson (41°259S, 172°559E, 250 m asl).
Pollination Treatments
We chose 10 trees of S. microphylla at each site to act as maternal parents and bagged mature flower buds with fine mesh bags before opening, and in September 1999 we handcrossed 10 flowers and hand-selfed a further 10 flowers on each tree, using either pollen from the maternal tree or a cocktail of pollen mixed from flowers taken from approximately six donor trees not used as maternal parents. Since F. excorticata is gynodioecious, we used the above treatments and added a third pollination treatment by cross-pollinating flowers on 10 females trees in addition to selfing and outcrossing flowers on 10 hermaphrodite trees (selfing is impossible on females because they are male sterile). For this species, three flowers were pollinated per tree for each pollination treatment in October 2000.
Fruit set (the proportion of flowers that produce a fruit) was recorded when the fruits were nearly ripe, and all the fruits that remained were harvested when ripe. We counted seeds per fruit in S. microphylla but not in F. excorticata because previous work had shown that seeds per fruit did not differ significantly in self-and cross-pollinated flowers in the latter species (Robertson et al. 2008) .
Germination Rate and Glasshouse Seedling Performance
In October 2000, we placed all the selfed seed obtained from hand pollination and a random set of 10 outcrossed seeds from each of the maternal plants of S. microphylla into petri dishes with moistened filter paper for germination. To break seed dormancy, the seeds were abraded with sandpaper and soaked in distilled water overnight before they went into the dishes. Germination was monitored weekly. Each week, as each seed germinated it was transferred to seed-raising mix in multiwelled seedling trays in a heated glasshouse for growing. We continued to monitor germination in the petri dishes until February 2001. In February 2001, we transferred a selection of 20 crossed and 20 selfed seedlings from the Ahuriri Valley site from trays into individual pots and measured their main-stem length (pull-up height) twice a year until May 2004. We had only five selfed seedlings available from the Waimakariri site because all the other seed had either failed to germinate or died before February, so we transferred all those plus a selection of 20 outcrossed seedlings. 192 We extracted all the seeds from each F. excorticata fruit and randomly selected 100 seeds from each fruit for germination. Where our pollinated fruits on female trees were not ripe (n ¼ 5 at Ahuriri and n ¼ 6 at Pretty Bridge), we took other ripe fruits from the same tree to maintain the sample of 10 trees (any fruits on females must be outcrossed). Such replacement was not possible for fruits from hermaphrodites; consequently, at Pretty Bridge we were able to germinate selfed fruits from only three trees and crossed fruits from only four trees, and for three of these crossed trees we had <100 seeds per petri dish (85, 84, and 56 seeds). The seeds were placed in petri dishes in February 2001, as described for S. microphylla, and germination counts were recorded weekly until early August 2001. A subset of 10 germinants per tree 3 treatment combination was transferred into potting mix in pots in a heated glasshouse in early March 2001. This gave 300 seedlings for Ahuriri (10 seedlings 3 10 trees 3 3 treatments), and 170 for Pretty Bridge. The survival and stem height were recorded in the glasshouse for these seedlings every 6 mo until April 2002.
Field Transplants
All surviving potted S. microphylla plants were planted in the field in June 2004 to further monitor their performance. Since there was stock grazing at the sites we had obtained seed from, we planted seedlings into sites that were free of grazing but otherwise similar in soils and topography to the source. The plants sourced from Ahuriri Valley were planted on a grassy bank in Akaroa (43°489S, 172°589E, 60 m asl) ;34 km to the east of the source population. The Waimakaririsourced seedlings were planted into a similar riverbank habitat at Macleans Island (43°489S, 172°589E, 48 m asl), 21 km downstream from the source. All plants were monitored annually for survival and size. We measured stem height and stem diameter just above ground level but present only the latter here, converted to stem basal area, as an index of total biomass. The Akaroa population was measured until July 2010, but recording of the Waimakariri population ceased in June 2006 because there was only one selfed plant left alive.
For the F. excorticata population at Ahuriri Summit Reserve, 60 plants (20 per treatment) randomly selected from the survivors were planted back into the reserve in June 2002. These plants were monitored annually, as for S. microphylla, and last measured in November 2009. The survival of the Pretty Bridge plants was very low. Of the original 170 seedlings, only 7 selfed, 14 crossed, and 34 from females were still alive in April 2002, and so it was decided not to transplant these seedlings.
Inbreeding Depression
We calculated inbreeding depression at each census as
where SURV s is the probability of a selfed ovule surviving to the census date and SIZE s is the average size of the surviving selfed offspring (stem height in seedlings and basal area in planted saplings); SURV o and SIZE o are the same parameters for outcrossed ovules. We also calculated an alternate measure of inbreeding depression that started with outcrossed and selfed seeds to remove the effects of the seed development and maturation stages that may be influenced by selfincompatibility.
Analysis
We analyzed the data on survival and size for each stage for each population separately, using binomial generalized linear models (GLMs) and x 2 tests for fruit set and plant survival, Poisson GLMs for seeds per pod in S. microphylla, and twosample t-tests and Gaussian GLMs for plant size. We used the GLMs for the early life stages to test a two-factor model by fitting first a maternal plant effect, to account for the maternal family, and then the pollination treatment effect (cross vs. self) Note. The statistical tests compare the performance of the selfs against the crosses at each stage (see text for details). The pollinations were carried out in the field, germination and early growth and survivorship were measured in seed trays and pots in the glasshouse, and subsequent survival and growth were measured in the field after transplantation. Significant differences always favored crosses, with one exception (S. microphylla germination at Ahuriri). There were insufficient selfed seedlings left in the S. microphylla Waimakariri population for statistical analysis of the final stage.
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and the plant-treatment interactions, but we present only the effects of the pollination treatment here. For later stages (germination and beyond for S. microphylla and field performance in F. excorticata), because smaller sample sizes meant that there were fewer seedlings per maternal parent (typically one to three per parent at the field-planting stage), we ignored maternal effects and switched to two-sample t-tests for size measurements and 2 3 2 contingency-table analysis of survival for the sets of selfed and crossed progeny. For F. excorticata, we performed a second family of analyses comparing the results of cross-pollination on female parents with cross-pollinations on hermaphrodites.
Results
Sophora microphylla
Both populations of S. microphylla had high fruit set after cross-pollination but significantly reduced fruit set after selfing (table 1). Seeds per pod were also much reduced, and as a result, seeds per flower averaged only 0.6 in selfs at Ahuriri Valley, compared to 3.1 in outcrossed flowers (an 81% reduction), and 1.1 at Waimakariri, compared to 3.3 (a 67% reduction). At Ahuriri, the germinability of selfed seeds was significantly higher than that of outcrossed seed, partially offsetting the losses of seed and pod set at this location. However, germinability was significantly reduced in selfs from Waimakariri. As a result, we obtained 0.46 seedlings per flower, on average, from selfed flowers, compared to 1.71 in outcrossed flowers at Ahuriri, and only 0.27 seedlings per flower, compared to 1.82, at Waimakariri. Thus, the reproductive potential of flowers was reduced by 73% and 85%, respectively, in these populations at the germinated-seedling stage.
These early losses of numbers continued over the subsequent 32 mo in the glasshouse and later in the field (fig. 1a ). There were deaths in both types of seedlings, but the losses were much heavier in the selfed offspring than in the outcrossed at every stage, and we had significantly fewer selfed seedlings to select from for transplantation and fewer survivors by the end of the monitoring (table 1) . In fact, at the Waimakariri site, only one selfed plant was still alive in 2006, compared to eight crossed plants, and from the Ahuriri population, seven selfs and 20 crosses survived to 2010 from an initial 20 of each. We estimate that including the losses incurred at fruit and seed set, between 0.1% and 1% of the potential seedlings survived the 7-10 yr of the study after self-pollination, compared to 3%-12% survival from cross-pollination.
Accompanying these losses in numbers, the plant vigor of selfed seedlings was also heavily reduced, compared to that of outcrossed plants. At nearly every census, the selfed plants were significantly smaller (table 1). At the final measurement, selfed plants were smaller by 49% and 60% relative to the crossed plants from Ahuriri and Waimakariri, respectively. Combining the losses in offspring quantity and quality gives us an overall inbreeding depression approaching 1 in both populations ( fig. 2) . In S. microphylla, the cumulative inbreeding depression (d) was 0.96 at Ahuriri and 0.99 at Waimakariri. Even if we measure inbreeding depression by starting at germination rather than at preseed stages, the figures are still high: 0.79 at Ahuriri and 0.96 at Waimakariri.
Fuchsia excorticata
In comparison to S. microphylla, F. excorticata selfed offspring suffered less quantitative and qualitative inbreeding depression at the seed development and germination stages, but the performance of selfs in later life stages was poor. Germinated Fig. 1 Cumulative fruit, seed, and seedling losses after self-and cross-pollination in two populations of Sophora microphylla (a) and Fuchsia excorticata (b). In F. excorticata, two kinds of crosses were made, on female plants and on hermaphrodites, as well as on handselfs. Three phases are shown: (1) on the parent plant, germination and early growth; (2) growth of young seedlings in pots in the glasshouse; and (3) after transfer into the field. Ahv ¼ Ahuriri Valley, Wai ¼ Waimakariri, Ahs ¼ Ahuriri Summit, Pbr ¼ Pretty Bridge.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES seedlings per flower were only ;14% less from self-pollination than from crosses on hermaphrodites or female plants at Ahuriri Summit Reserve, but at Pretty Bridge selfs produced 39% fewer germinated seedlings per flower than hermaphrodite crosses and 46% fewer than female crosses (table 2). There was a steadily widening gap in the relative survival of selfed offspring, compared to either type of cross in both populations ( fig. 1b) , and growth rates were also reduced (table 2). The Pretty Bridge selfed plants did especially poorly, and we decided not to do a field transplant because inbreeding depression after 18 mo (0.74 from flower to seedlings, or 0.65 from seed; fig. 2 ) had left only a small number of selfed survivors. We did transplant back into the Ahuriri Summit population at 18 mo, and after 7.5 yr in the field the selfs were 70% smaller than hermaphrodite crosses and 74% smaller than female crosses (table 2), and survival was also lower (fig. 1b) . We estimate the inbreeding depression overall for Ahuriri to be 0.84 ( fig. 2) , 0.83 if fruit set losses are not included.
For F. excorticata, in most cases the performance of the hermaphrodite crosses matched that of the crossed offspring from females. There was only one statistically significant difference, at Pretty Bridge, where female-derived offspring were slightly less likely to germinate (table 2).
Discussion
The rates of inbreeding depression observed here (74%-99%) are very high in comparison with those from other published studies (Husband and Schemske 1996) , and yet even these are likely to be underestimates: none of the trees were yet flowering at the final measurement, and so this does not include any measure of the fecundity of the offspring. The low survival and slow growth of selfed seeds in the glasshouse and the field suggest that these are unlikely to survive to flowering and should be virtually completely discounted. If none of the selfed offspring survive to flowering, they provide no reproductive assurance. Population replacement thus seems inevitably to depend on outcrossed seed. This has implications for how we view the reproductive status of these populations.
Sophora microphylla and the females of the gynodioecious Fuchsia excorticata are frequently pollen limited (Robertson et al. 2008; Kelly et al. 2010) , apparently as a result of the loss in density and richness of New Zealand's pollinating avifauna. Fuchsia excorticata also appears to be seed limited, despite the capacity for autogamy in the hermaphrodites (Bell 2010) . Thus, both are at risk of reproductive failure from inadequate pollination service. Given that much of the inbreeding depression occurs after germination, particularly in F. excorticata, the presence of seedlings beneath parents may give a false indication of adequate recruitment. A large number of seedlings has been assumed to indicate reduced risk from seed limitation (Bond 1994; Benitez-Malvido 1998) . However, if many of these are selfs, as seems likely from this study, and given the attrition seen here in these types of seedlings over 10 yr, they may have no future as adults, thus masking current reproductive failure. 195 In both species, the success of hermaphrodites as seed parents depends on avoiding the seed-discounting effects (Lloyd 1992; Herlihy and Eckert 2002) of selfing. We have no evidence that hermaphrodite F. excorticata have any way of preventing selfed seed from maturing. Hand-selfed and crossed flowers have an equal chance of producing fruits, as shown here and in an earlier study (Robertson et al. 2008) , and the number of seeds per fruit is also equal in the two types of crosses (Robertson et al. 2008) . Moreover, hermaphrodites sometimes show high rates of autonomous selfing: bagged flowers with little herkogamy achieved ;60% fruit set in some populations (Robertson et al. 2008) . In S. microphylla, the number of seeds per flower was significantly reduced after selfing, especially at Ahuriri Valley, but was not 0, and an unpublished survey of this species across a number of sites in New Zealand revealed a substantial range of seed set after self-pollination (J. J. Ladley, D. Kelly, S. H. Anderson, and A. W. Robertson, unpublished data) . This species may have some regionally variable degree of self-incompatibility that limits the extent of selfed seed in some populations. However, in our study populations, seed set from selfing was never 0, and there was no evidence of complete self-incompatibility in any population. The South American Sophora fernandeziana appears to have late-acting self-incompatibility whereby self pollen tubes fail to reach the ovary (Bernardello et al. 2004 ), but we have not tested for this in S. microphylla, and so we cannot distinguish here between late-acting self-incompatibility preventing selfing and early inbreeding depression causing the death of selfed embryos before seed maturation. Given the at least partial autofertility of these species and their large adult size and mass flowering pattern, geitonogamous selfing rates are likely to be high because pollinators inevitably make many within-plant movements. Thus, overall selfing rates in hermaphrodites of both species are likely to be high, especially with declines in pollinator service.
Fuchsia excorticata has heterogametic sex determination, whereby females produce 50 : 50 hermaphrodite : female offspring and hermaphrodites produce all-hermaphrodite offspring (Godley and Berry 1995) . Thus, the maintenance of gynodioecy depends on the success of females as seed parents. All the offspring of female plants are outcrossed and so avoid inbreeding depression, but females are reliant on pollinators to make seed. If all the successful seed is supplied by females, they should approach 50% of the population. If pollination is reduced, female seed output will suffer more than hermaphrodite seed output, and females will gradually be lost from the population. Among 13 populations studied by Robertson et al. (2008) , females ranged from 14% to 42% of the adult trees and fruit set on female plants ranged from 15% to 81%. In comparison, hermaphrodite fruit set was usually higher; the average difference in fruit set in the two genders was 12% in favor of hermaphrodites. Fruit set in both genders appears to be depressed, apparently because of decreases in bird pollinator populations (Robertson et al. 2008 ). The Pollen Limitation Index, which measures how closely natural fruit set matches fruit set following supplemental hand-pollination and varies from 0 (no pollen limitation) to 1 (maximal pollen limitation; Larson and Barrett 2000) , showed consistently higher pollen limitation in female plants (average ¼ 0.13 for hermaphrodites and 0.39 for females). In addition to being unable to self, female plants are probably also less attractive to pollinators, since the flowers are smaller and contain less nectar (Delph and Lively 1985) . Any further decline in pollinator service to females is likely to exacerbate this problem and may eventually lead to more skewed sex ratios if females fail to recruit. However, this shift to fewer female adults in the next generation would be tempered somewhat if lower pollination led to a higher percentage of hermaphrodite offspring being futile selfs.
We have provided evidence here for a scenario of cryptic recruitment failure. The trees are long-lived, and population densities are quite high. Fruits are being produced, and seedlings are visible on the ground; thus, the populations appear to be successfully reproducing. However, many of these fruits Note. The statistical tests compare the performance of the selfs against the crosses at each stage and, in the case of the gynodioecious F. excorticata, also against crosses made on female plants (see text for details). The pollinations were carried out in the field, germination and early growth and survivorship were measured in seed trays and pots in the glasshouse, and subsequent survival and growth were measured in the field after transplantation. Significant differences always favored crosses. There were too few F. excorticata selfs from Pretty Bridge to transplant. 196 and seedlings are inevitably the result of self-pollination and are likely doomed. The true recruits are only the outcrossed fruits and seedlings, which are an unknown proportion of the total crop. This problem of apparent recruitment may be quite widespread, especially in trees and long-lived plants where genetically determined high rates of mixed matings measured at the time of seed production are not associated with high rates of inbred adults (Scofield and Schultz 2006) . The inference is that in these cases, significant losses of progeny occur in the intervening life-history stages and that many of the apparent recruits are destined to fail. Ecological perturbations that push the mating system farther toward selfing will increase the risk of recruitment failure, but the usual fruit set and seedling counts will fail to detect this change until it is complete.
